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a  b  s  t  r  a  c  t
Phosphorus  (P)  loading  to streams  can  occur  by both  surface  runoff  and  subsurface  transport,  with  sub-
surface  P  transport  often  assumed  negligible.  Groundwater  P concentrations  in alluvial  aquifers  can  be
significant,  especially  in  preferential  flow  paths  (PFPs).  The  objectives  of  this  research  were  to quantify
subsurface  P  transport  rates  at two  sites in  northeastern  Oklahoma  and  to  compare  them  with surface
runoff  P transport  rates  derived  from  a hydrologic  model,  the Pasture  Phosphorus  Management  Calculator
(PPM Plus).  Ozark  ecoregion  study  sites  were  adjacent  to  the  Barren  Fork  Creek  and Honey  Creek  in north-
eastern OK,  USA.  Each  site,  instrumented  with  24  observation  wells,  was  monitored  for several  months
for both  groundwater  levels  and  P concentrations.  Using  the  flow  and  P concentration  data,  Monte  Carlo
simulations  with  Darcy’s  Law  and  a  P  transport  rate  equation  were  used  to calculate  the  distributions  of
subsurface  P transport  rates  across  a transect  within  the  well  field  containing  a  single  identified  PFP.  Total
subsurface  P transport  rates,  through  both  the  non-PFP  flow  domain  and  a single  PFP, were  estimated  to
be  0.04  kg year−1 and  0.03  kg year−1 for the  Barren  Fork  Creek  and  Honey  Creek  field  sites,  respectively.
Monte  Carlo  simulations  for surface  runoff  P  transport  rates  with  PPM  Plus  resulted  in  average  total  P
surface  runoff  transport  rates  of  0.07 kg year−1 for  the  Barren  Fork  Creek  site  and  0.08  kg  year−1 for  the
Honey  Creek  site.  For  the  groundwater  at these  floodplains,  the  P source  was  P-laden  stream  water  flow-
ing into  the  alluvial  aquifer  and  a  minimal  quantity  of P  leaching  from  the  surface.  Results  indicated  that
the subsurface  P  transport  rates  for small  (3 ha)  alluvial  floodplain  sites  in  the  Ozark  ecoregion  were
at  least  0.03–0.04  kg year−1, although  subsurface  P transport  rates  may  be higher in cases  with  greater
numbers  of  PFPs  and  where  the  subsurface  is connected  to a  larger  P  source.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Phosphorus (P) is a necessary nutrient for terrestrial and aquatic
plants, yet over-application of organic and/or inorganic fertilizers
to agricultural fields can result in elevated soil test phosphorus
(STP) levels and can lead to eutrophication in receiving streams
and reservoirs (Daniel et al., 1998). One such area of concern is east-
ern Oklahoma and western Arkansas (White et al., 2009; Andrews
et al., 2009) where poultry litter is often applied based on nitro-
gen requirements, resulting in excessive P application. Sharpley
et al. (2003) noted that feed imported to support concentrated
poultry production has resulted in a net increase of nutrients in
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ron.miller@okstate.edu (R.B. Miller).
the region. After export of poultry products, what remains in the
region is nutrient rich poultry litter, which is bulky and expensive to
export. Therefore, the poultry litter is often applied to nearby pas-
tures, including those in floodplains, as an inexpensive fertilizer.
Over time excessive application can result in elevated STP with an
increased potential for P transport to streams and reservoirs.
Nonpoint source P pollution became a major focus in the 1970s
and 1980s after it was  discovered that reducing point source
pollution did not significantly improve water quality in many
watersheds (Crowder and Young, 1988). Compared to point source
load reduction, nonpoint source load reduction is much more dif-
ficult and complex (Sims and Sharpley, 2005). The design and
implementation of agricultural conservation practices to reduce
P in runoff, such as buffer strips, riparian zones, terracing, and
cover crops, are site specific and may  be difficult to implement
as economic, social, and political considerations affect farmers’
willingness to adopt and maintain these practices (Sharpley et
al., 2003; Sims and Sharpley, 2005). As in the 1970s and 1980s
when the focus was  on the easily measurable and reducible point
0167-8809/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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Fig. 1. (a) The Barren Fork Creek field site near Tahlequah, OK, USA is a hay field where the floodplain consists of coarse chert gravel overlain by a mantle (50–150 cm)
of  topsoil. (b) Observation wells were located in both preferential (PFP) and non-preferential (non-PFP) flow areas based on electrical resistivity imaging. Arrow indicates
stream  flow direction. (c) Electrical resistivity profile through the groundwater transect for which P transport rates were calculated. Electrical resistivity at this field site has
been  positively correlated to saturated hydraulic conductivity (Miller et al., 2010).
sources, implementation of riparian buffer zones and other conser-
vation practices currently focus on the more easily understood and
observed surface runoff mechanism (Lacas et al., 2005; Popov et
al., 2005; Reichenberger et al., 2007; Poletika et al.,  2009; Sabbagh
et al., 2009). Although conservation practices can reduce P loss in
surface runoff, the movement of subsurface P and its contribution
to the receiving stream system may  also need to be considered.
Studies have shown that subsurface nutrient transport can be sig-
nificant in soils with preferential flow pathways (PFPs) (McCarty
and Angier, 2001; Polyakov et al., 2005; Fuchs et al., 2009; Heeren
et al., 2010, in press) and limited soil sorption capacity (Carlyle and
Hill, 2001; Polyakov et al., 2005).
Subsurface P transport from agricultural fields with tile drainage
is well documented (Sims et al., 1998; Stamm et al., 1998;
Heathwaite and Dils, 2000; Kleinman et al., 2004), but the research
on subsurface P transport in other contexts is less developed
(Gachter et al., 1998; Turner and Haygarth, 2000; Djodjic et al.,
2004; Nelson et al., 2005). For example, from research on four
grassland soils, Turner and Haygarth (2000) documented that sub-
surface P transport, primarily in the dissolved form, can occur at
concentrations that could cause eutrophication. When assessing
long-term risk of P loss from waste-amended soils, Nelson et al.
(2005) indicated that P leaching and subsurface transport should
be considered.
There have been studies conducted in which observation wells
were used to monitor the movement of P in alluvial floodplains
under natural conditions (Vanek, 1993; Cooper et al., 1995; Carlyle
and Hill, 2001; Thompson and McFarland, 2010). Studies have
shown high P availability for groundwater transport due to P
saturation of the riparian zone (Cooper et al., 1995) and near
streambank sediment (Thompson and McFarland, 2010). Mon-
itoring 12 wells in a lake riparian zone, Vanek (1993) noted
groundwater P concentrations ranging from 0.4 to 11 mg  L−1
with an average of 2.6 mg  L−1. Carlyle and Hill (2001) moni-
tored the behavior of P in the subsurface in a river riparian zone
and suggested that riparian areas can become saturated with P.
They documented higher soluble reactive P (SRP) concentrations
(0.10–0.95 mg  L−1) in areas having soils with higher hydraulic con-
ductivities buried under topsoils. Due to the changes in redox
potential, they suggested that riparian areas might actually be con-
tributing to the release of P to subsurface flow (Carlyle and Hill,
2001).
A growing body of research addresses P transport in the Ozark
ecoregion, which is characterized by gravel bed streams and coarse
gravel alluvial aquifers overlain with a mantle (1–300 cm)  of silt
loam. Storm et al. (2009),  using the Soil and Water Assessment
Tool (SWAT) (Arnold et al., 1998) to model the Illinois River basin
in eastern Oklahoma and western Arkansas, estimated that of the
entire nonpoint source P load to Lake Tenkiller, 7% was  derived
from baseflow contributions compared to 22% from poultry litter
via surface runoff contributions. On an alluvial floodplain site along
the Barren Fork Creek, Fuchs et al. (2009) used a trench to inject P
into the groundwater flow system and found it to be rapidly trans-
ported in a PFP with minimal attenuation. Heeren et al. (2010) used
geophysical methods to characterize the PFP as a buried gravel
bar, and performed a larger scale tracer test that demonstrated
the impact of the subsurface physical heterogeneities on solute
transport.
The objectives of this research were to utilize groundwater table
elevation, STP, and subsurface P concentration data from the Bar-
ren Fork Creek and Honey Creek floodplain sites in northeastern
Oklahoma to (1) quantify distributions in subsurface P transport
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Fig. 2. (a) The Honey Creek field site near Grove, OK, USA is an orchard with a riparian buffer where the floodplain consists of coarse chert gravel overlain by a mantle
(10–50  cm)  of topsoil. (b) Observation wells were located in both preferential (PFP) and non-preferential (non-PFP) flow areas based on electrical resistivity imaging. Arrows
indicate stream flow direction. (c) Electrical resistivity profile through the groundwater transect for which P transport rates were calculated. Electrical resistivity at this field
site  has been positively correlated to saturated hydraulic conductivity (Miller et al., 2010).
rates across a transect within the well field in both PFP and non-PFP
domains using Monte Carlo simulations, (2) to estimate distribu-
tions of surface runoff P transport rates based on Monte Carlo
simulations of the Pasture Phosphorus Management Calculator
(PPM Plus) (White et al., 2009, 2010), and (3) to compare the sub-
surface and surface runoff P transport rates at each site.
2. Materials and methods
2.1. Barren Fork Creek and Honey Creek floodplain sites
The two floodplain sites were located in the Ozark ecoregion
of northeastern Oklahoma. The Barren Fork Creek (Fig. 1, latitude:
35.90◦, longitude: −94.85◦) and Honey Creek sites (Fig. 2, latitude:
36.54◦, longitude: −94.70◦) were immediately downstream of U.S.
Geological Survey (USGS) gage stations 07197000 and 07189542,
respectively. With a watershed size of 845 km2, the Barren Fork
Creek site had a median daily flow of 3.6 m3 s−1 and was  a fourth
order stream. Honey Creek, a third order stream, had a 0.54 m3 s−1
median daily flow and a 150 km2 watershed. Both floodplain sites
consisted of alluvial gravel deposits underlying a mantle of top-
soil (Razort gravelly loam). The Barren Fork site’s topsoil thickness
ranged from 0.5 to 1.5 m (Fig. 3). The alluvial floodplain consisted of
a hay field with no fertilizer applied in recent years and had an area
of 2.7 ha with a 0.004% slope. The Honey Creek site had a topsoil
thickness ranging from 0.1 to 0.5 m (Fig. 3) and had not received
poultry litter application for over 10 years. The site had a 0.01%
slope and a total area of 3.2 ha, of which 1.5 ha was  forest along the
stream and the remainder was a hay field.
2.2. Soil sampling
The STP levels in the soils were quantified by collecting 15-cm
soil cores from approximately 30 locations within each of the flood-
plain sites. These 30 soil cores were composited, mixed, and three
subsamples were analyzed for STP by the Soil, Water, and Forage
Analytical Laboratory at Oklahoma State University. Testing con-
Fig. 3. Typical soil profile at the Barren Fork Creek (BFC) and Honey Creek (HC)
alluvial floodplain sites. Preferential flow paths (PFP) become activated as the water
table rises due to an influx of stream water during high flow events.
sisted of adding 20 mL  of Melich 3 extraction to 2 g soil samples,
shaking for 5 min, filtering, and then analyzing for P with induc-
tively coupled plasma spectrometry (ICP).
2.3. Water levels and subsurface P sampling
Based on previous geophysical research (Heeren et al., 2010, in
press; Miller et al., 2010), 24 observation wells were installed at
each site. Geophysics has been widely used for subsurface map-
ping (Pellerin, 2002; Robinson et al., 2008). Resistivity mapping
involves measuring the electrical properties of near-surface earth
materials, which vary with grain size, mineral type, solute content
of pore water, and pore-space saturation. Electrical resistivity is
calculated at several locations in a two-dimensional profile by care-
fully measuring the voltage of a known electrical current between
two electrodes in contact with the soil. Miller et al. (2010) collected
electrical resistivity data using a SuperSting R8/IP Earth Resistivity
Meter (Advanced GeoSciences Inc., Austin, TX) with a 56-electrode
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array (see Figs. 1 and 2c for examples). The profiles employed elec-
trode spacings of 0.5–2.5 m with associated depths of investigation
ranging from 7.5 to 25.0 m,  respectively. The resistivity sampling
and subsequent inversion utilized a proprietary routine devised
by Halihan et al. (2005),  which produced higher resolution images
than conventional techniques.
Using a vadose zone borehole permeameter designed for coarse
gravel (Miller et al., in press), a positive correlation between elec-
trical resistivity and hydraulic conductivity was established for the
Barren Fork Creek and Honey Creek floodplain sites (Miller et al.,
2010). Based on that correlation and the previous electrical resis-
tivity results (Heeren et al., 2010, in press; Miller et al., 2010),
observation wells were located in both high hydraulic conductivity
(one or more possible preferential flow pathways or PFPs) and low
hydraulic conductivity (non-PFP) subsoils (Figs. 1 and 2b). In this
research, a PFP is defined as a region of high hydraulic conductivity
in the vadose zone that has potential for rapid transport of water
and solutes when saturated by a high water table.
A Geoprobe Systems drilling machine (6200 TMP, Kejr Inc.,
Salina, KS) was used to install observation wells in the alluvial
floodplains with a 2.0–3.0 m screened section at the base. Depth to
refusal for installed wells ranged from 4.0 m to greater than 5.0 m
at the Barren Fork Creek site and from 2.5 to 3.5 m at the Honey
Creek site. Bentonite clay was placed at the top of the well casing
to prevent surface runoff from entering the borehole.
Observation wells were instrumented with automated water
level loggers (HoboWare, Onset Computer Corp., Cape Cod, MA)
to monitor water pressure and temperature at 5 min  intervals. One
logger was placed above the water table at each site to account for
changes in atmospheric pressure. Reference water table elevations,
obtained with a water level indicator, were then calculated. The
logger data were processed with HoboWare Pro software, which
accounted for changes in atmospheric pressure as well as changes
in water density due to temperature. Contour plots of water table
elevation were generated with MATLAB (The Mathworks, Natick,
MA)  (Fig. 4a and c). The local USGS gage stations were used to
analyze stream stage.
Using a peristaltic pump, water samples were collected from
the stream and observation wells during both baseflow and high
flow events (Table 1), preserved on ice, and transported back to
the laboratory for analysis. High flow events were of particular
interest because stream P concentrations generally increase with
streamflow in these watersheds (Andrews et al., 2009). The sam-
ples were digested based on the sulfuric acid–nitric acid method
(Pote et al., 2009), and total P concentrations were determined col-
orimetrically (Murphy and Riley, 1962; EPA Method 365.2) with a
spectrophotometer (Spectronic 21D, Milton Roy, Ivyland, PA). Con-
tour plots of total P concentration were generated with MATLAB
(The Mathworks, Natick, MA)  (Fig. 4b and d). More details of water
level monitoring and P results are presented in Heeren et al. (in
press).
2.4. Subsurface phosphorus transport rates
At each site, one of the electrical resistivity lines that identi-
fied a PFP was chosen as the transect (extended to the boundary
of the well field) across which transport rates were calculated
(Figs. 1 and 2). The subsurface P transport rate was defined as
the average annual subsurface P rate crossing the selected tran-
sect within the observation well field. Subsurface P transport rate
was calculated by first determining the average groundwater flow
based on Darcy’s Law:
Q = qA = −K ∂h
∂x
wd =
∣
∣Ki
∣
∣wd (1)
where Q is the groundwater discharge (L3 T−1), q is the Darcy veloc-
ity (L T−1), h is the groundwater head (L), x is the distance along the
direction of flow (L), A is the cross-sectional area (L2), w is the width
of the monitored transect or groundwater flow domain (L), d is the
depth of the aquifer (L), and i is the average groundwater gradient
(L L−1). Note that this equation was applied separately to a single,
identified PFP and the remaining non-PFP groundwater domains
within the selected transect, using the site specific width (w) and
depth (d) of each domain. The annual subsurface P transport rate,
mp (M T−1), was then calculated using the following mass transport
equation:
mP = Q × TP × nd (2)
where TP is the total P concentration (M L−3) measured from obser-
vation wells in the PFP and non-PFP domains, and nd is the number
of days per year in which each groundwater flow domain was  acti-
vated.
A Monte Carlo simulation was performed using 10,000 real-
izations of subsurface P transport rates due to uncertainty in six
variables, with the distributions and statistics shown in Table 2. Fol-
lowing McKay (1995) and Fox et al. (2010),  a uniform distribution
was used for input parameters with an absence of experimental
values to inform a probability distribution. A normal distribution
after a Box Cox transformation was used to quantify K throughout
the observation well field, based on electrical resistivity measure-
ments correlated to point measurements of K as reported in Miller
et al. (2010, in press).  At the Barren Fork Creek site, subsoils with
electrical resistivity values greater than 700 -m (correlating to a
hydraulic conductivity of 74 m day−1) were considered to be a PFP.
At the Honey Creek floodplain, which is a smaller scale alluvial sys-
tem, an electrical resistivity of 500 -m (correlating to a hydraulic
conductivity of 53 m day−1) was considered to be the demarcation
between PFP and non-PFP subsoils. The aquifer width, w, was  held
constant for each field site for the non-PFP domain, but varied for
the PFP domain assuming a uniform distribution. The w of the PFP
was based on the identification of the PFP within ERI data for the
transect at each site (Figs. 1 and 2c). The distribution for d was
assumed uniform for both PFP and non-PFP domains. The ranges in
d for the non-PFP domains were identified based on typical base-
flow water table elevations combined with depth to refusal during
well installation and electrical resistivity mapping at each field site
as reported in Miller et al. (2010).  The ranges in d for PFPs were
determined based on the high K zones in the ERI data for each
transect (Figs. 1 and 2c).
The non-PFP domain was assumed active for 365 days; there-
fore, a fixed value was  used for these calculations. The PFP activity
was quantified based on the minimum mean daily flow that
resulted in PFP activation during the study period, which is shown
for each site in Fig. 4. P can be seen preferentially entering the
aquifer at point (90 m,  70 m)  at the Barren Fork Creek site (Fig. 4b)
and at point (230 m,  110 m)  at the Honey Creek site (Fig. 4d). While
the impacts of the PFPs are not visible in the flow data at these
particular times (Fig. 4a and c), the PFPs (identified in electrical
resistivity data) must be activated as evidenced by the high P con-
centrations. The requirements for PFP activation were the mean
daily flows at these sampling times (Table 1), which were 35 and
4.2 m3 s−1 for the Barren Fork Creek and Honey Creek field sites,
respectively. The lognormal np parameter distribution was  derived
from 60 years and 12 years of daily mean streamflow measure-
ments by the USGS at the Barren Fork Creek and Honey Creek sites,
respectively. The P transport rate was highly dependent on nd. Uni-
form distributions were used for i and TP with unique i and TP for
the PFPs and non-PFPs. The i and TP distributions were derived from
groundwater levels and P concentrations measured in the observa-
tion well fields as well as particular PFPs (Fig. 4) with generally
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Fig. 4. Water table (a and c) and total phosphorus (b and d) concentration (g L−1 as P) contour plots for the Barren Fork Creek (a and b) and Honey Creek (c and d) sites.
Barren  Fork Creek data are from the peak of the 10 September 2009 high-flow event and Honey Creek data are from the rising limb of the 23 March 2010 high-flow event.
Interpolations are based on measured data from wells (circles) and the stream (stars).
Figures are adapted from Heeren et al. (in press).
Table 1
Stream flow data and groundwater total phosphorus concentrations (g L−1 as P) for PFP and non-PFP wells for each sampling time during the study period.
Site Date (month/day/year) Time Hydrograph position Mean daily flow (m3 s−1) Median total P concentration
PFP (g L−1) Non-PFP (g L−1)
Barren Fork Creeka
9/10/09 10:00 Rising Limb 35 30 20
9/10/09 13:00 Rising Limb 35 20 10
9/10/09 22:00 Peak 35 30 10
9/11/09 10:00 Falling Limb 44 40 20
9/12/09 14:00 Falling Limb 23 30 10
3/22/10 12:00 ∼Rising Limb 17 30 30
3/23/10 15:00 Falling Limb 39 50 30
3/26/10 12:00 Falling Limb 62 50 30
Honey Creeka
10/09/09 16:00 Falling Limb 41 40 50
10/15/09 12:00 Baseflow 2.9 40 60
3/22/10 18:00 Rising Limb 4.2 80 50
3/23/10 9:00 Peak 5.5 40 60
3/26/10 18:00 Falling Limb 9.2 40 50
a Data adapted from Heeren et al. (in press).
higher i and TP for the PFP domains due to their activation during
storm events (Heeren et al., in press).
2.5. Surface runoff phosphorus transport rates
PPM Plus is a software tool which predicts P and sediment in
runoff from agricultural fields in Oklahoma (White et al., 2009,
2010). Using a region-specific, 15-year weather period, PPM Plus
predicts the average annual P and sediment transport rates deliv-
ered to the nearest stream from a single agricultural field. PPM Plus
was calibrated (R2 of 0.61) and validated (R2 of 0.68) using 283
field years of field scale data from several sites across the southern
United States (Storm et al., 2007). The sites varied based on nutrient
application, size, soil type, and STP levels.
A myriad of management options can be simulated by account-
ing for detailed field characteristics and land management. PPM
Plus is based on the Soil and Water Assessment Tool (SWAT) (Arnold
et al., 1998), a product of more than 30 years of model development
by the U.S. Department of Agriculture, Agricultural Research Ser-
vice. While models like SWAT are a valuable tool for highly trained
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Table  2
Statistics for input parameters used in the Monte Carlo simulations of subsurface P transport rates at the Barren Fork Creek (BFC) and Honey Creek (HC) field sites.
Parameter Site Flow domain Input distributions for Monte Carloa
Saturated hydraulic conductivity (m day−1) BFC Non-PFP Normal after power function (b = −0.62); xc = 0.13; xc = 0.04
PFP Normal after power function ( = −0.62); x = 0.13; x = 0.04
HC Non-PFP Normal after power function ( = 0.23); x = 2.3; x = 0.17
PFP  Normal after power function ( = 0.23); x = 2.3; x = 0.17
Groundwater gradient (m m−1) BFC Non-PFP Uniform; min  = 0.0005; max  = 0.0015
PFP  Uniform; min  = 0.0005; max  = 0.0015
HC  Non-PFP Uniform; min  = 0.0010; max  = 0.0020
PFP Uniform; min  = 0.0020; max  = 0.0040
Aquifer depth (m) BFC Non-PFP Uniform; min  = 2.0; max = 3.0
PFP Uniform; min  = 2.0; max = 3.0
HC Non-PFP Uniform; min  = 0.25; max  = 1.0
PFP Uniform; min  = 0.5; max = 2.0
Domain width (m)  BFC Non-PFP Fixed; 65
PFP Uniform; min  = 15; max = 20
HC  Non-PFP Fixed; 75
PFP Uniform; min  = 3.0; max = 4.0
Total  phosphorus concentration (g L−1) BFC Non-PFP Uniform; min  = 10; max  = 40
PFP Uniform; min  = 30; max  = 90
HC  Non-PFP Uniform; min  = 20; max  = 60
PFP Uniform; min  = 60; max  = 80
Activity (day) BFC Non-PFP Fixed; 365
PFP Lognormal; x = 2.47; x = 0.91
HC Non-PFP Fixed; 365
PFP Lognormal; x = 2.01; x = 1.03
a Note that unique distributions were used for the preferential flow (PFP) and non-preferential flow (non-PFP) domains.
b  = exponent for the power transformation of the original distribution.
c x , x = mean and standard deviation for the normal and lognormal distributions.
specialists, their complexity becomes prohibitive for use by most
conservation and nutrient management planners. PPM Plus was
designed to simplify the operation of SWAT in order to put the pre-
dictive power of a proven water quality model into the hands of
people who make daily decisions that affect water quality.
Due to its ease of use and applicability at a field scale, PPM
Plus was selected to estimate the average annual P loss from the
two field sites. PPM Plus was parameterized for the Barren Fork
Creek and Honey Creek field sites for two scenarios (Table 3). The
first scenario represented actual land use at each site: low inten-
sity agricultural production for pasture without cattle grazing or
poultry litter application. The only agricultural activity was  hay
removal scheduled for August. The second scenario was  hypothet-
ical but represented typical high-intensity agricultural production
in the region. Stocking rates were simulated at 1.2 animal units (AU)
per ha with a 6 Mg  ha−1 poultry litter application rate in March to
meet the nitrogen requirements for a 9000 kg ha−1 forage yield goal
(Zhang et al., 2009).
Due to uncertainty in several variables, a Monte Carlo simula-
tion was performed with 10,000 realizations on six variables, which
were selected due to their uncertainty and sensitivity (Table 4). As
for the subsurface transport rate computations, a uniform distribu-
tion was used for input parameters with an absence of experimental
values to inform a probability distribution. A triangular distribu-
tion was used for the measured STP; a uniform distribution was
chosen for the other five variables. The average field slope was  esti-
mated from ArcGIS using the 2008 National Agricultural Imagery
Program Mosaic (NRCS, 2009). The distribution was then taken as
±10% of the calculated value. The maximum curve number (CN) was
the estimated CN for a Razort soil (hydrologic soil group B) (Soil
Conservation Service, 1972) for pasture in good condition (Haan
et al., 1994). The minimum CN was 30, based on historic field obser-
vations that runoff is only rarely generated on these floodplains
with high infiltration rates, even during high intensity rainfall
events. The distributions for P percolation coefficient (PPERCO),
P soil partitioning coefficient (PHOSKD), and the P sorption coef-
ficient (PSP) were based on the SWAT recommended calibration
range (Neitsch et al., 2002).
3. Results and discussion
As noted by Heeren et al. (in press),  the assumptions of uni-
form, homogeneous stream/aquifer interaction and only localized
near-streambed water exchanges were not relevant for the two
studied alluvial floodplains (Fig. 4). The activity of preferential flow
pathways depended on the elevation of the water table and the
interaction between the stream and the groundwater. The aver-
age groundwater flow direction at each floodplain site changed
considerably between baseflow and storm events, and the high-
est water table gradients in the alluvial aquifer occurred during
the rising limb of the hydrographs, when the stream stage was
rising most quickly. It appeared that preferential flow pathways
acted as divergence zones, allowing stream water to quickly enter
the groundwater system during rising limbs of streamflow hydro-
graphs, or as flow convergence zones draining a large groundwater
area during the falling limbs of streamflow hydrographs. At the Bar-
ren Fork Creek site, a PFP at point (90 m,  70 m)  (Fig. 4a and b) was
found to act as a divergence zone, allowing stream water to pref-
erentially flow into the alluvial aquifer. A large convergence zone
occurred at the Honey Creek site directing water through the sub-
surface near the northern boundary of the meander bend or the
upper left corner of the well field (Fig. 4c and d).
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Table  3
PPM Plus inputs for high and low intensity agricultural production scenarios for the Barren Fork Creek and Honey Creek field sites.
Input parameter Barren Fork Creek Honey Creek
Common inputs
Land use Pasture Pasture
Field area (ha) 2.7 1.7
Riparian buffer area (ha) 0 1.5
Riparian buffer width (m)  0 53
Field slope length (m)  120 120
Distance to stream (m)  0 0
Bank full width (m) 34 24
Soil type Razort gravelly loam Razort gravelly loam
Forage type Mixed warm and cool season grasses Mixed warm and cool season grasses
Low  intensity agricultural production scenario
Grazing density (AUa ha−1) 0 0
Management operation Hay-August Hay-August
High intensity agricultural production scenario
Grazing density (AU ha−1) 1.2 1.2
Grazing duration 365 days with 365 days with
supplemental feed supplemental feed
Forage  management Optimally managed Optimally managed
Fertilization 6 Mg ha−1 poultry litter 6 Mg  ha−1 poultry litter
March 1 March 1
a AU = animal units.
Table 4
Statistics of input parameters into the PPM Plus phosphorus tool used in the Monte Carlo simulations of surface runoff P transport rate at the Barren Fork Creek (BFC) and
Honey  Creek (HC) field sites.
Site Input parameter Input distribution for Monte Carlo
Barren Fork Creek Soil test phosphorus (mg  kg−1) Triangular; min  = 28.5; mode = 29.5; max  = 30.5
Curve number Uniform; min = 30.0; max  = 61.0
Slope (m m−1) Uniform; min = 0.0036; max = 0.0044
Phosphorus percolation coefficient Uniform; min = 10.0; max  = 17.0
Phosphorus soil partitioning coefficient Uniform; min = 100; max = 300
Phosphorus sorption coefficient Uniform; min = 0.20; max  = 0.60
Honey Creek Soil test phosphorus (mg  kg−1) Triangular; min  = 51.5; mode = 53.0; max  = 55.0
Curve number Uniform; min = 30.0; max  = 61.0
Slope (m m−1) Uniform; min = 0.009; max  = 0.011
Phosphorus percolation coefficient Uniform; min = 10.0; max  = 17.5
Phosphorus soil partitioning coefficient Uniform; min = 100; max = 300
Phosphorus sorption coefficient Uniform; min = 0.20; max  = 0.60
The floodplain STP levels at the Barren Fork site ranged between
28.5 and 30.5 mg  kg−1 with an average of 29.5 mg  kg−1 and stan-
dard deviation of 1.00 mg  kg−1. The STP range at the Honey Creek
site was 51.5–55.0 mg  kg−1 with an average of 53.2 mg  kg−1 and a
standard deviation of 1.76 mg  kg−1. The Honey Creek site possessed
a higher average STP due to historical poultry litter applications
on the floodplain. These STP levels suggested minimal P leaching
through the topsoil layers in these floodplains; therefore, the main
source of P measured in the observation wells was  most likely
from P-laden stream water entering the floodplain, an assertion
supported by the groundwater elevation and P data.
As discussed in Heeren et al. (in press),  water samples from
observation wells were collected during multiple high flow events
(Table 1) with peak flows from one to two orders of magnitude
greater than median flow rates and were subsequently analyzed for
total P concentrations (Fig. 4). During both baseflow and high flow
conditions, groundwater P concentrations in the non-PFP domain
were typically 10–40 g L−1 and 20–60 g L−1 at the Barren Fork
Creek and Honey Creek field sites, respectively. It should be noted
that some of the TP concentrations in the non-PFP wells at the
Honey Creek site (Table 1) may  be artificially elevated due to sam-
ples containing agitated sediment from the bottom of wells with
very shallow water depths (wells furthest from the creek). The P
concentrations were generally highest where stream water was
entering the groundwater system and decreased with distance
down-gradient from the stream. In activated PFPs, the P concen-
trations during high flow events were as high as 90 g L−1 at the
Barren Fork Creek site and 80 g L−1 at the Honey Creek field site. P
can be seen preferentially entering the aquifer at point (90 m,  70 m)
at the Barren Fork Creek site (Fig. 4b) and at point (230 m,  110 m)
at the Honey Creek site (Fig. 4d). Potential PFPs were also observed
at points (180 m,  0 m)  and (150 m,  60 m)  in the P data at the Barren
Fork Creek (Fig. 4b) and Honey Creek (Fig. 4d) sites, respectively.
Based on the Monte Carlo simulation of the subsurface P trans-
port rate (Eqs. (1) and (2)), the estimated median annual subsurface
P transport rate for the non-PFP flow domain at the Barren Fork
Creek field site was  0.04 kg year−1 (Fig. 5a). This compared to a
median of 0.003 kg year−1 from the single PFP. The median total
P transport rate from surface runoff based on the PPM Plus Monte
Carlo simulations was 0.07 kg year−1 from the current conditions
(low intensity scenario) and 9.9 kg year−1 with litter application
and cattle grazing (high intensity scenario). For the Honey Creek
site, the estimated median annual subsurface P transport rate was
0.03 kg year−1 in the non-PFP domain and 0.0004 kg year−1 in the
single PFP (Fig. 5b). These results compared to 0.08 kg year−1 of
surface P runoff based on the low intensity scenario (low agricul-
tural production) and 6.3 kg year−1 of surface P runoff based on the
high intensity scenario (high agricultural production). The Honey
Creek site had a smaller subsurface P transport rate due to a smaller
aquifer cross-sectional area (both in terms of d and w) and K com-
pared to the Barren Fork Creek site. Also the size of the PFP was
larger at the Barren Fork Creek site making the P transport rate
higher than at Honey Creek. As stream order increases, d and K
increase due to larger gravel deposits. Based on a Mann–Whitney
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Fig. 5. Total phosphorus transport rate due to subsurface transport generated based
on  Monte Carlo analyses and total phosphorus transport rates in surface runoff
based on PPM Plus simulations at the Barren Fork Creek and Honey Creek field
sites under low intensity agricultural production. PFP = preferential flow pathway;
non-PFP = non-preferential subsurface flow.
rank sum test, median values between the surface P transport rate
and non-PFP subsurface P transport rate were significantly different
(P < 0.001) for both field sites.
The surface runoff P transport rates based on the low and high
agricultural production at the Barren Fork and Honey Creek sites
from PPM Plus ranged from 0.03 to 3.6 kg ha−1 year−1 and were
within the range of observed total P loss (0.02–4.6 kg ha−1 year−1)
from previous studies at 12 field sites in eastern Oklahoma (Storm
et al., 2007; White et al., 2009). The modeling results were also
consistent with field measurements of total P loss observed by
Romeis et al. (2011).  They reported measured total P yields from
commercial poultry-pasture headwater streams ranging from 0.03
to 3.17 kg ha−1 over an 18–22 months sampling period. They also
summarized the range in P yield (0.1–17.8 kg ha−1 year−1) from
field-scale studies of P transfer from poultry manure-amended pas-
tures in the literature.
The subsurface P transport rate was on the same order of mag-
nitude relative to the surface runoff P transport rate for current site
conditions, yet was small compared to the simulation with poul-
try litter application and cattle grazing. Though the total P transport
rate was small in the PFP due to the small area and number of active
days, it may  provide rapid unimpeded transport from the surface to
the stream at high STP sites. In areas where there is a larger number
of PFPs and/or during years where the PFP remains active for longer
periods of time, the PFPs will provide a larger P transport rate. For
example, the P transport rate at the 99th percentile of the Monte
Carlo simulation was  0.10 kg year−1 in the single PFP at the Barren
Fork Creek, or 136% of the median surface runoff P transport rate
from low intensity conditions.
The Illinois River, of which the Barren Fork Creek is a tributary,
may  have a deeper aquifer, higher K, and larger PFPs, resulting in a
higher subsurface P transport rate. Therefore, as the stream order
increases, the significance of subsurface P transport rates and PFPs
may  also increase. A need exists for additional research to scale-
up the observations at these individual floodplains sites to the
watershed scale, which will require future research at additional
floodplain sites in larger-order stream systems. Of course, a diffi-
culty that exists is identifying and documenting the number and
size of PFPs within these alluvial floodplains. Geophysical tech-
niques such as electrical resistivity imaging used by Miller et al.
(2010) will be invaluable in future floodplain investigations.
These results also suggest that the subsurface P transport rate of
alluvial floodplains with one PFP in the Ozark ecoregion may  be at
least 0.01–0.10 kg year−1 and perhaps even higher in cases where
the subsurface is connected to a larger source of P. While the source
of P in the groundwater at these well managed sites was limited
to minimal surface P and P-laden stream water entering the allu-
vial aquifer, this research demonstrated that coarse gravel subsoils
have a capacity to transport as much P as the surface runoff (i.e.,
the Barren Fork Creek site). The field data used in this analysis did
not include floodplains with poultry litter application or cattle pro-
duction. Also, upland areas may  contribute P to these floodplains
through P-laden surface runoff or from the subsurface through karst
features typical of the Ozark ecoregion. Further work is needed to
quantify P transport in cases with such additional P sources.
4. Conclusions
Research has shown that subsurface P contributions can be sig-
nificant in riparian zone soils with spatial variability in hydraulic
conductivity, preferential flow pathways, and limited sorption
capacity. This study estimated subsurface P transport rates as quan-
tified by annual P rates crossing a transect within two  groundwater
systems, with uncertainty parameters quantified through Monte
Carlo simulation. The subsurface P transport rate was compared
to surface runoff rates based on simulations of PPM Plus. Results
suggested that the subsurface P transport rates were significant
compared to surface runoff P rates at low intensity agricultural
field sites. Though the subsurface contributions were small com-
pared to the PPM Plus simulations with more intensive land use,
floodplains with poultry litter application or cattle grazing may
have a corresponding increase in subsurface P transport. The field
sites in this study had low agricultural intensity; therefore, the
calculated subsurface P transport included a minimal amount of
P leaching from the surface. Future work needs to quantify P
leaching through the soil from a surface P source and determine
whether this significantly elevates levels of subsurface P transport.
It is also hypothesized that as stream order increases, the signifi-
cance of subsurface P transport rate and preferential flow pathways
increase.
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